Crustacean chitin-hemocyanin-calcium mineral complexes were designed as bone biomimetics, with emphasis on their ability to bind or release calcium ions. Chitin scaffolds were prepared by dissolving chitin flakes in LiCl/dimethylacetamide, followed by gel formation and freeze-drying. Some of these scaffolds were modified by incorporation of CaCO 3 . In some of the chitin-CaCO 3 scaffolds, macroporosity was introduced by HCl treatment. Hemocyanin from the crayfish Cherax quadricarinatus was used to further modify the chitin scaffolds by dip coating.
, and hydrogels (Tamura, Nagahama, & Tokura, 2006) , including injectable (Arun Kumar et al., 2016) and scaffold hydrogels. Despite the interest in chitin scaffolds as matrixes for producing bone graft materials Muzzarelli, 2009; , only a few studies have used plain nonmodified chitin in tissue engineering research, with most of the work being centered on cell cultures on chitosan-based materials (Aljawish, Muniglia, & Chevalot, 2015; Cho et al., 2004; Costa-Pinto et al., 2009; Dashtdar et al., 2015; Lai, Shalumon, & Chen, 2015; Lindborg et al., 2015; Omidvar, Ganji, & Eslaminejad, 2016; Zhao, Grayson, Ma, Bunnell, & Lu, 2006) . Among these studies, two focused on culturing human mesenchymal stem cells (hMSCs) on chitosan composite scaffolds/hydrogels; two demonstrated proliferation and osteogenic differentiation of the hMSCs (Costa-Pinto et al., 2009; Zhao et al., 2006) ; and two others showed differentiation into chondrogenic (Cho et al., 2004) and adipogenic (Lindborg et al., 2015) phenotypes. However, in vitro studies on nonmodified chitin have been conducted only with cell lines (Austin, 1984; Chow & Khor, 2000; Rejinold et al., 2012; Terbojevich, Carraro, Cosani, & Marsano, 1988; Wan & Tai, 2013) or with mesenchymal stem cells (MSCs) derived from nonhuman sources (Sum Chow, Khor, & Chwee Aun Wan, 2001; Yan et al., 2010 ). It appears that a single exception is a tissue engineering study on the influence of hydroxyapatite modification of β-chitin membranes for culturing hMSCs (Madhumathi et al., 2009 ).
Two technological challenges have to be addressed in the development of chitin-based scaffolds for bone tissue engineering-the insolubility of chitin in common solvents and the macroporosity required to ensure an adequate blood supply and bone resorption and regeneration (Hing, 2004) . The first challenge was solved in this study by the use of dimethylacetamide (DMA), supplemented with 5% LiCl (Austin, 1984; Chow & Khor, 2000; Terbojevich et al., 1988) . This is one of the four solvents known to dissolve chitin (the other three are 12 N HCl (Kuo & Ku, 2008) , methanol saturated with CaCl 2 (Tamura et al., 2006) and NaOH/urea (Chang, Chen, & Zhang, 2011) .
The second challenge, namely, the introduction of macroporosity into scaffolds to be used for in vitro or in situ tissue engineering was solved by the addition of CaCO 3 to the chitin solution and a subsequent HCl treatment. The gaseous CO 2 produced by the reaction of HCl and CaCO 3 led to the formation of pores, as previously reported (Chow & Khor, 2000; Sum Chow et al., 2001) , and further salt leaching of the remaining CaCO 3 crystals, which were only partially dissolved, later detached easily from the scaffold, also contributed to pore formation. Another advantage of using CaCO 3 lies in its ability to serve as a source of calcium ions, which are essential in tissue engineering applications. Calcium ions act both as an inorganic component of the bone composite material and as an osteogenic stimulant, where the extracellular calcium ion concentration has a significant influence on both MSCs (osteoblast progenitor cells) (González-Vázquez, Planell, & Engel, 2014) and monocytes (osteoclast progenitor cells) (Glenske et al., 2014) . The extracellular calcium concentration in the vicinity of a transplanted biomaterial is therefore of crucial importance for the healing of damaged host bone tissue.
Indeed, several biomaterials have the ability-known as their bioactivity-to influence the calcium concentration in their environment and thus to induce a specific biological reaction at the interface between the biomaterial and the mineralized host tissue, that is, the formation of a calcium phosphate layer at the surface (Cao & Hench, 1996) . High bioactivity facilitates an intimate connection between the biomaterial and the bone, but also leads to local calcium depletion, with negative effects on cell populations and their activity in the bone remodeling zone (Malafaya & Reis, 2009 ). In contrast, low bioactivity in calcium-containing biomaterials leads to increased extracellular calcium concentrations. In bone tissue engineering, the bioactivity of a biomaterial can thus be used to manipulate the calcium-dependent osteoblast/osteoclast ratio in vitro (Heinemann et al., 2013) and in vivo. With the above possibility in mind, we sought to build on the ability of naturally occurring chitin-hemocyanin-calcium mineral complexes to bind and release calcium ions with the aim to produce biomimetic composite materials for bone replacement. Crustacean hemocyanin, whose main role lies in oxygen transport in the hemolymph, also functions as a phenoloxidase (Glazer et al., 2013) and, as such, is involved in the crustacean immune response (Coates & Nairn, 2014) . In addition, there is increasing evidence that hemocyanin is involved in the sclerotization of the new exoskeleton after ecdysis (Adachi, Endo, Watanabe, Nishioka, & Hirata, 2005) , where the cuticular exoskeleton is composed of chitin in association with cuticular proteins. In the remodeling of the chitin network of the cuticular exoskeleton, these cuticular proteins play a variety of roles in processes such as chemical modification (Dixit et al., 2008) and cross-linking (Adachi et al., 2005; Andersen, 2010) of chitin microfibrils as well as in immunological defense (Rosa & Barracco, 2010) and pigmentation (Glazer & Sagi, 2012; Jasrapuria et al., 2010; Wade, Tollenaere, Hall, & Degnan, 2009) . During each molt cycle, the formation of the new cuticular chitinous structure with its associated proteins, including hemocyanin, is a prerequisite for the deposition of CaCO 3 , either as crystalline calcite or as amorphous CaCO 3 (Lowenstam & Weiner, 1989; , stabilized by association with peptides or proteins (Luquet & Marin, 2004; or with organic and inorganic ions and molecules (Aizenberg, Addadi, Weiner, & Lambert, 2018; AlSawalmih et al., 2008; Clarkson, Price, & Adams, 1992; Loste, Wilson, Seshadri, & Meldrum, 2003) . In light of the above-described chitinhemocyanin-calcium association and our previous study showing the potential utility of chitosan-based materials as scaffolds for bone substitution (Kruppke et al., 2017) , we posited that a bio-scaffold based on a chitin-hemocyanin-calcium composite would be a suitable material for bone tissue engineering.
The present study thus aimed to develop a biomimetic chitincalcium-hemocyanin composite as a scaffold material supporting the proliferation and differentiation of osteogenic cells in vitro. Our biomimetic engineering approach to pursuing the above goals comprised the following stages: preparation of chitin scaffolds, incorporation of CaCO 3 , enhancement of porosity, and dip coating with hemocyanin from the crayfish Cherax quadricarinatus, followed by cell-culture experiments with hMSCs.
| EXPERIMENTAL SECTION

| Preparation of chitin scaffolds
Four types of chitin scaffold were prepared: plain chitin, chitin modified with CaCO 3 (designated chitin-CaCO 3 ), porous chitin-CaCO 3 , and HCl-treated chitin (Table 1) . For the preparation of the plain chitin scaffolds, a clear homogeneous viscous solution of 0.5% chitin was prepared by dissolving 0.5 g of chitin flakes with a particle size of 0.2 mm (Heppe Medical Chitosan GmbH) in 100 mL of 5% LiCl in DMA, as described previously with minor modifications (Chow & Khor, 2000; Sum Chow et al., 2001) . Briefly, anhydrous LiCl was further dried at 130 C for 30 min and, after cooling to room temperature, the completely anhydrous salt was dissolved in DMA with magnetic stirring. The chitin flakes were then dissolved in the LiCl/ DMA solvent system overnight with stirring at room temperature. Aliquots of 2.5 g or 5 g of the chitin solution were then dispensed into cylindrical glass containers of 2.5 cm diameter × 4 cm height. The solvent was allowed to evaporate off under a fume hood at room temperature for 3 days. Solvent residues were removed from the resulting gels by soaking them several times in deionized water. After washing, the gels were dried to plain chitin scaffolds by lyophilization for 32 h in a freeze-dryer (Epsilon 2-4 LSC, Martin Christ Gefriertrocknungsanlagen).
To prepare chitin-CaCO 3 scaffolds, 1 g of CaCO 3 was added to a solution of 0.5 g of chitin in 100 mL of 5% LiCl/DMA. After allowing the solution to stand overnight, the resulting gels were dried to scaffolds as described above. Porous chitin-CaCO 3 scaffolds were obtained by treating the chitin-CaCO 3 scaffolds with 1 N HCl for 2 h, leading to the formation of gaseous carbon dioxide and hence to open-pore matrices (these scaffolds are designated chitin-CaCO 3 /HCl in respective figures) (Chow & Khor, 2000; Sum Chow et al., 2001) . To obtain scaffolds for purposes of comparison to the HCl-treated porous chitin-CaCO 3 scaffolds, plain chitin gels were also reacted with HCl. The resulting gels were washed several times with deionized water to remove solvent and HCl residues and lyophilized for 32 h in a freeze-dryer. Disk-shaped scaffolds with a diameter of 8-10 mm and a height of 1-3 mm were thus obtained ( Figure 1 ). Scanning electron microscopy (SEM) was used to examine the morphology and surface structure of the scaffolds.
For SEM observations, the samples were mounted on stubs and coated with carbon in an SCD 050 coater (Balzers). SEM was carried out on an ESEM XL 30 (Philips) in Hi-Vac mode with 3 kV high tension. The samples were cut manually with a scalpel and the cross-sectional areas were measured by means of energydispersive X-ray spectroscopy (EDS) at 10 keV. EDS was applied as a semiquantitative method for standardless analysis and twodimensional visualization of oxygen, calcium, and carbon in the scaffold's cross-sections.
| Scaffold modification with crayfish hemocyanin
Hemolymph was obtained with a syringe from the base of the 5th
walking legs of pre-molt C. quadricarinatus male crayfish at BenGurion University of the Negev (Israel). Pooled hemolymph from a number of crayfish was mixed with 7% ethylenediaminetetraacetic acid (EDTA) in a 1:1 ratio, followed by the addition of 2 mM of the protease inhibitor phenylmethylsulfonyl fluoride (PMSF, Sigma). The diluted hemolymph was centrifuged at 1500 relative centrifugal force (rcf) for 15 min to remove cells and debris. Thereafter, the hemolymph supernatant was mixed with a saturated solution of sodium bromide to a density of 1.22 g/mL for density gradient separation.
Pure hemocyanin was obtained by first subjecting the brominated hemolymph to ultracentrifugation at 100,000 rcf for 48 h. The grey fraction was then collected and dialyzed against phosphate-buffered saline (PBS), filtered, and validated by using western blot analysis with a specific hemocyanin antibody or by MS/MS. The purified protein so obtained was lyophilized in several batches, each of 12.5 mg. Scaffold modification with hemocyanin was carried out as described below either before (designated presterilization modification) or after (designated poststerilization modification) sterilization with gammairradiation.
For the presterilization modification, plain chitin or chitinCaCO 3 gels were washed several times with water and loaded with hemocyanin by dip coating, as follows. The washed disk-shaped gels were incubated in lyophilized hemocyanin dissolved in deionized water (0.4 mg/mL) for 3 days at 4 C. After dip coating, the samples were lyophilized for 32 h. Both hemocyanin-modified and unmodified scaffolds were then sterilized with gamma-irradiation of 25 kGy. Alternatively, for the poststerilization modification, scaffolds sterilized by exposure to gamma-irradiation were incubated for 3 days at 4 C in hemocyanin dissolved under sterile conditions in deionized and autoclaved water (0.4 mg/mL). After this dip coating, the modified scaffolds were dried again for 32 h in a freezedryer.
T A B L E 1 Overview of the chitin-based scaffolds produced and the hemocyanin modifications used 
| Influence of hemocyanin on hMSCs
For cytotoxicity testing, the hMSCs were seeded at a density of 50 × 10 3 cells in 96-well polystyrene plates (without chitin scaffolds) and incubated in a humidified atmosphere with 5% CO 2 at 37 C for 1 h. The cytotoxicity tests were started 1 h after seeding by the addition of proliferation medium [α-minimum essential medium (α-MEM)
supplemented with 10% FCS, 1% penicillin-streptomycin and 2 mM L-glutamine], containing 1, 10, or 100 μg/mL hemocyanin. To F I G U R E 1 Chitin scaffolds after HCl treatment. Scaffolds with CaCO 3 (a and c) and without CaCO 3 in the chitin hydrogels (b and d). Scaffolds without lyophilization (top) and after lyophilization (bottom). Scale bar 1 cm induce differentiation of hMSCs into osteoblasts, the medium was changed 3 days after cell seeding to an osteogenic medium (α-MEM supplemented with 10% FCS, 1% penicillin-streptomycin, 2 mM L-glutamine, and the osteogenic supplements 10 nM dexamethasone, 10 mM β-glycerophosphate, and 50 μM ascorbic acid-2-phosphate).
On days 7, 14, 21, and 28, the cells were rinsed in PBS at 37 C and stored at −80 C for later biochemical analysis (described below). A control group (three replicates) was incubated in the same media but without hemocyanin under the same conditions. For all cultures, the medium used was exchanged twice a week.
| Adhesion, proliferation, and differentiation of hMSCs on chitin scaffolds
For the adhesion and proliferation tests, the various scaffolds were pre-incubated in cell culture medium (proliferation medium as whether it would cause partial or complete removal of hemocyanin from the scaffolds, the cells were seeded directly on one half of the pre-incubated scaffolds without changing the medium and on the other half of the scaffolds after replacing the pre-incubation medium with fresh medium. Thereafter, the scaffolds were incubated in a humidified atmosphere with 5% CO 2 at 37 C in cell-culture well plates. Four days after cell seeding, the medium was replaced with an osteogenic medium to induce osteogenic differentiation. Both types of medium, proliferative and osteogenic, were exchanged twice a week, that is, alternately after 3 or 4 days. Twenty-four hours after the initial seeding and on days 7, 14, 21, and 28 the cells were rinsed in PBS at 37 C and then stored at −80 C for later biochemical analysis.
Cell adhesion efficiency (in %) was determined as the ratio of the number of adherent cells after 24 h to the initial cell number of seeded cells × 100. To quantify the cell adherence, the relevant scaffolds were washed in PBS to rinse off nonadherent cells. The cells on the scaffolds were fixed in 2.5% glutaraldehyde for 20 min at 4 C.
The samples were stored in 0.8% glutaraldehyde at 4 C. Dehydration was performed in a graded ethanol series followed by critical-point drying using a CPD 030 apparatus (Bal-tec).
| Biochemical analysis
Cell-infiltrated chitin scaffolds (stored as described above) were thawed for 30 min on ice and subsequently incubated in 0. 
| Statistics
All measurements were performed at least in triplicate and are expressed as means ± standard deviation. One-and two-way analysis of variance (ANOVA) with Tukey post hoc test was applied for statistical analysis. p values <0.05 were considered significant (and are indicated by an asterisk on the figures).
3 | RESULTS
| Cytocompatibility of hemocyanin with hMSCs
To study cytocompatibility of hemocyanin per se (without the influence of chitin and/or scaffold surface morphology), hMSCs were seeded on polystyrene and incubated with three different hemocyanin concentrations, 100, 10, or 1 μg/mL, for 28 days. A control group was cultured in medium without hemocyanin. The LDH activity was determined as a quantitative marker for cell number and for calculating relative ALP levels ( Figure 2 ). An evaluation of the cell numbers (Figure 2a) suggested that proliferation of hMSCs did not seem to be influenced by the presence of hemocyanin, although proliferation of the cells incubated with the highest hemocyanin concentration (100 μg/mL) was slightly slower in the first 14 days. After 21 and 28 days there were no significant differences between the cells incubated at the three different hemocyanin concentrations and the control group.
Addition of osteogenic supplements to the medium resulted in increased ALP activity, which was dependent on the hemocyanin concentration. Typically, maximum ALP levels-characterizing cell maturation and the beginning matrix mineralization-were obtained on day 21 for all hemocyanin concentrations. Only for a hemocyanin concentration of 1 μg/mL was there a significant increase in ALP activity on day 21 versus 10 μg/mL and versus the control (Figure 2b ).
| Scaffold preparation
To obtain a processable chitin solution, we used the LiCl/DMA solvent system to produce the starting chitin scaffolds and chitin-CaCO 3 scaffolds; these scaffolds were found to be stable for more than 28 days under cell-culture conditions. SEM imaging was used to examine the structure and porosity of the chitin-CaCO 3 scaffolds. For the chitin-CaCO 3 scaffolds, Figure 3a ,c suggest that the CaCO 3 had settled slightly in the solution in which the chitin and CaCO 3 were allowed to react, since the scaffolds showed a uniform, homogeneous layer of calcite crystals at the bottom of the samples, while significantly less calcite, covered by a chitin layer, was evident at the scaffold tops. For the chitin-CaCO 3 scaffolds that had been treated with
HCl to obtain a porous structure, pores were detected only on the bottoms of the samples (Figure 3b,d ). This was also visible in crosssections of the scaffolds (Figure 3e,f) . Those revealed that Ca was only present in chitin-CaCO 3 without HCL-treatment. Furthermore, Ca and O detection were used as an indicator for CaCO 3 , which was allocated only at one half of the scaffold, the lower part during scaffold formation. The chitin-CaCO 3 scaffolds with HCl-treatment showed no Ca signal at all during EDS analysis.
3.3 | Determination of immobilized hemocyanin content on the chitin scaffolds Table 2 presents the hemocyanin content of the modified scaffolds. Of particular importance, the Table shows that Figure S1 ) or died. The highest number of adhering cells was observed for hemocyanin-modified pure chitin scaffolds, and the lowest for porous chitin-CaCO 3 scaffolds without hemocyanin coating. In both basic scaffold types, the hemocyanin modification doubled the number of adhering cells compared to the uncoated scaffold.
| Combined effect of hemocyanin modification and medium change after pre-incubation
The motivation for these experiments was to investigate whether pre-incubation of the scaffolds in cell culture proliferation medium F I G U R E 2 Influence of hemocyanin concentration (100, 10, or 1 μg/mL or without) in the culture medium on (a) the proliferation (LDH activity), and (b) osteogenic differentiation (ALP activity) of hMSCs seeded on polystyrene. Osteogenesis was induced 4 days after seeding. Asterisks indicate significant differences (p < 0.05) would have a positive impact on cell adhesion and whether it would cause partial or complete removal of hemocyanin from scaffolds, as described in Section 2.4.2. The influence of (a) modification of the scaffolds with hemocyanin, (b) HCl treatment during scaffold preparation (i.e., scaffold porosity), and (c) medium replacement after preincubation of the scaffolds on adhesion of the cells on chitin, HCltreated chitin, chitin-CaCO 3 and porous chitin-CaCO 3 scaffolds was determined by LDH activity measurements ( Figure 5 ). As was to be expected from the data shown in Figure 4 , hemocyanin modification promoted the adhesion of hMSCs, that is, for all scaffold types, adhesion efficiency was higher on the hemocyanin-modified specimens ( Figure 5 ), but there were slight differences in adhesion efficiency according to the different preparation methods (namely, addition of CaCO 3 or HCl treatment). For scaffolds modified with hemocyanin (black bars in Figure 5 ), the average adhesion efficiency was 24%, whereas without this modification it was only 14%. The highest values for cell adhesion efficiency were achieved for the chitin CaCO 3 scaffolds with a medium change after pre-incubation ( Figure 5c ) and for the simple chitin scaffolds without a medium change (Figure 5a ), i.e., 34% and 33%, respectively. The lowest adhesion efficiency (5%) was found for HCl-treated chitin scaffolds without hemocyanin in the case where the pre-incubation medium was replaced by fresh medium before the cells were sown before cell seeding and thus caused a comparatively high hMSC adhesion of 17%.
As mentioned above, the adhesion efficiency with hemocyanin (dark grey bars in Figure 5 ) was generally higher than that without hemocyanin. This was true for the different scaffold types (chitin, chitin-CaCO 3 , and porous chitin-CaCO 3 ), whether the medium was exchanged or not. Furthermore, for the scaffolds that had not been modified with hemocyanin, the highest adhesion efficiencies were observed for chitin-CaCO 3 scaffolds with a change of medium after pre-incubation ( Figure 5c ) and for chitin scaffolds without a medium change (Figure 5a ). The effect of hemocyanin on adhesion efficiency was also clearly evident in the HCl-treated pure chitin, chitin-CaCO 3
and porous chitin-CaCO 3 scaffolds when the medium was exchanged after pre-incubation.
| Proliferation of hMSCs/osteoblasts on scaffolds
The influence of hemocyanin modification and of sterilization of the scaffolds with gamma-irradiation on the proliferation of hMSCs seeded on the chitin scaffolds was evaluated (from LDH activity measurements) after culture without ( Figure 6a ) and with (Figure 6b) osteogenic supplements. In addition, the influence of the scaffold type-plain chitin, chitin-CaCO 3 , or porous chitin-CaCO 3 -on cell proliferation was investigated without ( Figure 6c ) and with (Figure 6d) osteogenic supplements. An increase in the number of cells of both osteogenically induced and noninduced hMSCs was observed for all scaffold types, but with different cell proliferation rates.
| Influence of hemocyanin modification before and after gamma irradiation on proliferation of hMSCs
The most intensive cell proliferation was observed for scaffolds subjected to gamma-irradiation after hemocyanin modification (Figure 6 ).
On the chitin scaffolds without hemocyanin, proliferation decreased with culture time, but on the scaffolds modified with hemocyanin after sterilization the cells proliferated (threefold increase in cell number) in both proliferation and osteogenic media. Nevertheless, the addition of osteogenic supplements resulted in higher absolute cell F I G U R E 6 Proliferation of hMSCs seeded on chitin scaffolds. Influence of sterilization with gamma-irradiation before and after hemocyanin modification (upper row) and of scaffold type, namely, plain chitin, chitin-CaCO 3 , and porous chitin-CaCO 3 scaffolds (lower row), all modified with hemocyanin and all sterilized prior to dip coating. Cells were cultured in proliferation medium (a and c) or osteogenic medium (b and d).
Asterisks indicate significant differences (p < 0.05) numbers after 7 days and at the end of the culture on day 28.
Although samples subjected to hemocyanin modification before sterilization showed a minor decrease of cell number from day 7 to day 28, the positive effect of the hemocyanin (vs. the nonmodified chitin)
could be observed.
The data in Figure 6a ,b show that the only treatment giving significant proliferation of hMSCs on chitin scaffolds was hemocyanin modification after gamma irradiation. In light of these findings, all subsequent experiments were performed on scaffolds modified in this way.
| Influence of scaffold type (before hemocyanin modification) on proliferation of hMSCs
In the absence of osteogenic supplements, the highest increase in cell number was detected on chitin-CaCO 3 scaffolds, even though increases (doubling) in the cell number from day 7 to day 28 were also observed for chitin and porous chitin-CaCO 3 scaffolds ( Figure 6 ).
Owing to the lower adhesion efficiency on the porous chitin-CaCO 3 scaffolds, the absolute cell number after 28 days was considerably lower than that on the other scaffold types, although there were no marked differences in cell proliferation rates.
After 28 days, cells seeded on chitin-CaCO 3 scaffolds in the proliferation medium showed a higher proliferation rate than those cultured in the osteogenic medium, whereas the opposite results were obtained for porous chitin-CaCO 3 scaffolds. On the latter, there was an even higher proliferation of hMSCs after addition of the osteogenic medium. This high proliferation on the porous chitin-CaCO 3 scaffolds in the osteogenic medium led to the convergence of the cell count on day 28 on this scaffold type with the cell counts on the other two scaffold types, while the cell count on day 7 on the porous chitinCaCO 3 scaffolds was clearly below the counts on the other two scaffold types (see Figure 5d ). For chitin scaffolds, a comparison of the cell numbers in the proliferation medium with those in the osteogenic medium showed that on this scaffold type the proliferation behavior of the hMSCs seemed not to be influenced by the presence or absence of osteogenic supplements.
| Osteogenic differentiation of hMSCs on different scaffolds
The osteogenic differentiation of hMSCs on the different scaffolds was evaluated in terms of ALP activity. The factors investigated included the influence of the timing of sterilization with gammairradiation, namely, before or after hemocyanin modification, on cells cultured on hemocyanin-modified plain chitin scaffolds (Figure 7a) and the influence of scaffold type on cells cultured on different types of scaffolds (Figure 7b ). Similarly to cell proliferation (Figure 6b ), the highest ALP values were detected for scaffolds modified with hemocyanin after gamma-irradiation (Figure 7a ). For chitin scaffolds coated with hemocyanin before sterilization low ALP activity of the cultures was observed. In contrast, ALP activity of cells seeded on scaffolds modified after sterilization was significantly increased.
Addition of osteogenic supplements to the medium resulted in typically increased ALP activity for all scaffold types: plain chitin, chitin-CaCO 3 , and porous chitin-CaCO 3 (Figure 7b ). The typical maximum of ALP activity, indicating the differentiation around day 21, which was found for hMSC in hemocyanin solution (Figure 2b ), was not achieved here. This finding could be attributed to the low adhesion efficiency of the cells on scaffolds compared to polystyrene (well plate) and thus an ongoing proliferation of the cells, which was shown in Figure 6d . The highest ALP activity of the cells was observed for the porous chitin-CaCO 3 scaffolds (for which proliferation was maximal) vs. the untreated chitin and treated chitin-CaCO 3 scaffolds.
| DISCUSSION
The present study demonstrates that chitin scaffolds promote adhesion, proliferation and osteogenic differentiation of hMSCs. This F I G U R E 7 ALP activity of hMSCs seeded on chitin scaffolds. Influence of sterilization with gamma-irradiation on hemocyanin-modified plain chitin scaffolds (a) and influence of scaffold type, namely, plain chitin, chitin-CaCO 3 , porous chitin-CaCO 3 (chitin-CaCO 3 /HCl) modified with hemocyanin after gamma irradiation (b). Asterisks indicate significant differences (p < 0.05) finding is in accordance with previous in vitro studies on chitin-based composites showing that chitin modification with nanohydroxyapatite supported adhesion of a variety of cell lines (Arun Kumar et al., 2015; Kumar et al., 2011) . A rare in vivo study demonstrated that osteoblast-loaded chitin-hydroxyapatite composites that were implanted into bone defects in a rabbit femur supported bone regeneration and facilitated the ingrowth of surrounding tissue (Ge, Baguenard, Lim, Wee, & Khor, 2004 ).
In vitro studies over long culture periods, such as the present study, are very rare. Nonetheless, two such studies have been reported by Arun Kumar et al. (2015) and Arun Kumar et al. (2016) . In the first, they showed that rabbit adipose-derived MSCs cultured over 28 days on composite microgels comprised of nano-hydroxyapatite/ chitin-poly(ε-caprolactone) exhibited increased ALP levels during the first 7 days of culture, indicating accelerated osteogenic differentiation and an early onset of the maturation phase compared to controls (Arun Kumar et al., 2015) . In the second study, they demonstrated the same pro-osteogenic effect for the chitin hydrogels after incorporation of CaSO 4 (Arun Kumar et al., 2016) . Nevertheless, it is not possible to draw parallels between their studies and ours, since neither the culture methods nor the sources of the studied cells were the same.
An important issue in any study such as ours is the cytocompatibility of the tissue engineering material with the relevant tissue. Materials such as those reported here may be regarded as 
| Influence of different hemocyanin concentrations on cell culture
In the present study, the hemocyanin concentration did not seem to affect the proliferation of the hMSCs on polystyrene. ALP activity, which is an early marker of osteogenic differentiation, was significantly increased in comparison to cell culture without hemocyanin, but only at a low hemocyanin concentration (1 μg/mL). The ALP maximum on day 21 indicated almost complete differentiation and the beginning matrix mineralization. In contrast, at higher hemocyanin concentrations (10 and 100 μg/mL), the peak in ALP activity was delayed, which indicates the influence of hemocyanin on osteogenic differentiation; these findings followed the same trend as those for cells grown on hemocyanin-modified scaffolds.
4.2 | Combined effect of hemocyanin modification and medium change after pre-incubation
Pre-incubation of scaffolds in a proliferation medium before cell seeding leads to protein adsorption and thus promotes initial cell adherence (Willumeit, Möhring, & Feyerabend, 2014) . Despite previous work on the subject, it was necessary to determine for our system whether replacing the medium with fresh medium after preincubation of the scaffolds would be advantageous (by virtue of removing harmful ingredients, such as residues of the scaffold preparation) or detrimental (through washing out of hemocyanin released from the scaffold). We found that replacing the medium used for preincubation with fresh medium resulted in a decrease in the number of cells on the different scaffolds compared to cell seeding without changing the medium. Interestingly, this effect was observed irrespective of whether or not the scaffolds were modified with hemocyanin. Thus, the lower cell count obtained when the medium was exchanged cannot be attributed to washing out of the hemocyanin.
The general trend of increased adhesion due to hemocyanin modification may be caused by adsorption of hemocyanin on the chitinous material in preference to proteins from the FCS. Adsorbed hemocyanin molecules might thus serve directly as adhesion sites for hMSCsand possibly also for FCS proteins from the medium.
| Scaffold hemocyanin content
Sterilization is a mandatory for scaffolds intended for cell culture, and it is known that the sterilization method, for example, gammairradiation or exposure to ethylene oxide, influences the morphology, structure, surface architecture and mechanical properties of different organic polymers (Ahmed, Punshon, Darbyshire, & Seifalian, 2013; Delgado, Pandit, & Zeugolis, 2014; Marreco, Da Luz Moreira, Genari, & Moraes, 2004) . In this study, exposure of the hemocyanin-modified scaffolds to gamma irradiation adversely affected hMSC and osteoblast activities. Since this observation correlated with the results of hemocyanin content tests, it could be attributed to radiation damage to hemocyanin itself. Therefore, hemocyanin modification was carried out on process, the highest content was observed for porous chitinCaCO 3 scaffolds. This finding could be explained by the higher specific surface area of the porous HCl-treated scaffolds. In addition, incorporation of CaCO 3 resulted in a higher amount of immobilized hemocyanin compared to plain chitin scaffolds. This is an indication of the ability of hemocyanin to bind both chitin and calcium ions.
| Influence of CaCO 3 modification of chitin scaffolds on the osteogenic differentiation of hMSCs
Chow and Khor investigated the carbonates and bicarbonates of potassium, sodium, and calcium as a source of CO 2 for introducing porosity into chitin matrixes (Chow & Khor, 2000) . They reported that only CaCO 3 formed a stable suspension in the chitin solution, while the carbonates and bicarbonates of potassium and sodium underwent phase separation and concentrated in the lower part of the scaffolds.
This effect was also observed to a certain degree when CaCO 3 was introduced into our chitin solutions. Therefore, both the amount of CaCO 3 in the chitin-CaCO 3 scaffolds and the number of pores in the HCl-treated chitin-CaCO 3 scaffolds were higher at the bottoms than at the tops of the scaffolds. No measures were taken to prevent this CaCO 3 precipitation during scaffold production, because a homogeneous distribution of CaCO 3 particles was nonetheless observed on the upper surfaces of the scaffolds (Figure 3a) . In future studies, this effect could be prevented by increasing the viscosity of the chitin solution or by agitating the gels during solvent evaporation.
The enhanced proliferation rate of hMSCs on chitin-CaCO 3 scaffolds could be attributed to calcium ion release from the scaffolds into the culture medium. A similar effect on cell behavior was reported by as a function of the initial seeding density (Lode, Bernhardt, & Gelinsky, 2008) . Their study revealed that the highest proliferation rate was obtained at the lowest seeding density, with the enhanced proliferation being accompanied by a stronger differentiation rate (Lode et al., 2008) .
Since the ultimate aim of bone tissue engineering is the building of new bone, the most important results of this study are those that pertain to the osteogenic differentiation of hMSCs. On the porous chitin-CaCO 3 scaffolds, the hMSCs showed enhanced proliferation in the osteogenic medium compared to the proliferation medium (Figure 6c,d ). This effect may be attributed to the presence in the differentiation medium of dexamethasone and ascorbic acid, which promote proliferation of hMSCs (Choi et al., 2008; Jaiswal, Haynesworth, Caplan, & Bruder, 1997) . Similarly, Heinemann et al. found higher proliferation rates of osteogenically induced hMSCs compared to noninduced cells on chitosan-based scaffolds (Heinemann et al., 2009 ). In the current study, ALP activity was used as a measure of early stage osteoblastic differentiation of the hMSCs cultured on chitin scaffolds.
All scaffold modifications-both without hemocyanin and with postirradiation hemocyanin coating-facilitated the differentiation of hMSCs into osteoblasts. Addition of osteogenic supplements to the medium resulted in increased ALP activity without the typical maximum (Figure 7b ), which could be due to low adhesion efficiency but ongoing proliferation of the cells. Cells cultured on chitin-CaCO 3 scaffolds exhibited increased ALP activity due to higher cell numbers and the pro-osteogenic effect of released calcium ions, as discussed above. The HCl treatment of the chitin-CaCO 3 scaffolds led to a further improvement of the relative ALP activity, which may be associated with the porous structure (Heinemann, Heinemann, Worch, & Hanke, 2011) of the scaffolds, but also with the higher concentration of bound hemocyanin, which was observed in the hemocyanin content test. In summary, our results suggest that the presence of CaCO 3 improves cell adhesion and proliferation and leads to increased ALP activity compared to chitin scaffolds without CaCO 3 . The success of a bone substitute material depends on both its interaction with osteoblasts, which are responsible for the generation of the new bone extracellular matrix, and its influence on the differentiation and activity of osteoclasts. Therefore, future studies should focus on the influence of chitin scaffolds modified with hemocyanin on osteoclast differentiation of human monocytes as well as on the cross-talk between bone-forming osteoblasts and bone-resorbing osteoclasts.
Such a co-culture model has been developed in our laboratory (Heinemann et al., 2011) and will be applied in future studies.
| CONCLUSIONS
Chitin scaffolds can be produced with CaCO 3 to improve bone biocompatibility in terms of hMSC proliferation and differentiation to osteoblasts. In addition, an improved function of scaffolds modified by simple dip-coating with hemocyanin promotes cell adhesion.
Hemocyanin also promotes cell adhesion in FCS-containing media and even enhances the effect of the adhesion proteins contained in such media. Thus, a cooperative effect of the hemocyanin and the FCS proteins can be inferred.
Hemocyanin as additive to cell culture on polystyrene shows a general suitability for the stimulation of hMSC/osteoblasts as it
• did not affect hMSC proliferation.
• increased osteoblastic differentiation at low concentration
(1 μg/mL).
The study also showed that scaffold modification with crayfish hemocyanin
• is an excellent and necessary means to achieve acceptable adhesion efficiency.
• is gamma-irradiation sensitive.
• causes increased proliferation and osteogenic differentiation of hMSCs.
• provides-with the addition of CaCO 3 -the highest proliferation of hMSCs.
In conclusion, scaffolds made of chitin-hemocyanin constitute a promising biomaterial. The materials provide a starting point for detailed analysis of the basic impact of hemocyanin and other promising crustacean proteins as well as of CaCO 3 and other calcium sources with respect to the influence on bioactivity of implant materials.
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